Abstract: A sensitive, selective and rapid method for the determination of palladium based on the rapid reaction of palladium(II) with 2-(2-quinolylazo)-5-diethylaminobenzoic acid (QADEAB) and the solid phase extraction of the Pd(II) -QADEAB chelate with a reversed phase polymer-based C 18 cartridge was developed. In the presence of 0.05 -0. 5 mol/L of hydrochloric acid solution and cetyl trimethylammonium bromide (CTAB) medium, QADEAB reacts with palladium(II) to form a violet complex with a mole ratio 1:2 (palladium to QADEAB). The chelate was enriched by solid phase extraction with a reversed phase polymer-based C 18 cartridge. An enrichment factor of 200 was obtained by elution of the chelate form the cartridge with the minimal amount of isopentyl alcohol. The molar absorptivity of the chelate in the isopentyl alcohol medium was 1.43´10 5 L mol -1 cm -1 at 628 nm. Beer's law was obeyed in the range of 0.01 -1.2 mg/mL. The relative standard deviation for eleven replicate samples at the 0.2 mg/L level was 2.18 %. The attained detection limit amounted to 0.02 mg/L in the original samples. This method was applied to the determination of palladium in environmental samples with good results.
INTRODUCTION
Palladium has been applied in various ways as a hydrogenation catalyst, microcontactors in electronics, hard alloy in dentistry and in the last few years as a component in three-way catalysts in automobile exhaust gas catalytic beads. Due to the introduction of palladium, platinum and rhodium for use in catalytic converters in motor vehicles, the emission of these metals into the environment has increased. In addition, an increased uptake of palladium by plants has led to polluted soil. Palladium is thought to be one of the strongest allergens from the health hazard viewpoint. 1, 2 For these reasons, methods for the rapid and accurate determination of palladium for process, quality and pollution control are essential. Many sensitive instrumental methods, such as spectrofluorimetry, X-ray fluorescence spectrometry, neutron activation analysis, atomic absorption spectrometry, chemiluminescence, inductively coupled plasma mass spectrometry and inductively coupled plasma optical emission spectroscopy, have been widely applied for the determination of palladium. However, spectrophotometric methods have gained popularity for the determination of palladium due to their simplicity and low operating costs. A wide variety of spectrophotometric reagents, such as azo dyes, rhodanine derivatives, porphyrin ligands, thiourea derivatives, 8-aminoquinoline derivatives, nitroso dye etc., have been developed for the determination of palladium. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Each chromogenic system has its advantages and disadvantages with respect to sensitivity, selectivity and convenience. However, routine spectrophotometric methods are often not sensitive enough to determine low concentration of palladium ions in environmental samples.
Solid phase extraction is an attraction technique because of it notable advantages. In previous works, the determinations of some trace metal ions by solid phase extraction with a reversed phase silica-bonded with C 18 cartridge were studied. [13] [14] [15] [16] [17] However, the pH range for routine a reversed phase silica-bonded C 18 cartridge is 2 -8. Chromogenic system in acidic or alkaline media can not be enriched using this kind of cartridge. To meet the need of metal chelate enrichment by solid phase extraction in acid medium, in this study, the color reaction of 2-(2-quinolinylazo)-5-diethylaminobenzoic acid (QADEAB) with palladium and the solid phase extraction of the Pd-QADEAB chelate with a reversed phase polymer-based C 18 cartridge was studied. The polymer-based C 18 was manufactured from a hydrophilic methacrylate polymer, which was functionalized with C 18 ligands. It is a reversed-phase solid phase cartridge allowing the choice of a wide range of solvents and a pH range from 0 -14. By using the polymer-based C 18 cartridge, the Pd-QADEAB chelate was enriched by solid phase extraction in hydrochloric acid medium and an enrichment factor of 200 was achieved. Based on this, a highly sensitive, selective and rapid method for the determination of palladium in environmental samples was developed.
EXPERIMENTAL

Apparatus
A UV-160 A spectrophotometer (Shimidzu Corporation, Tokyo, Japan) equipped with 1 cm microcells (0.5 mL) was used for all absorbance measurements. The pH values were determined with a Beckman F-200 pH meter (Beckman Instruments, Fullerton, CA, USA). The extraction was performed on a Waters Solid Phase Extraction (SPE) device (which allows the simultaneous preparation of twenty samples), and a Polymer C18 TM polymer-based C 18 cartridge (Beijing Genosys Technologies, P. R. China) was used.
Synthesis of QADEAB
QADEAB Was synthesized according to a previously proposed procedure: 18 7.2 g of 2-aminoquinoline were dissolved in 300 mL of anhydrous ethanol and 2.2 g of sodamide were added. The mixture was refluxed for 6 h in a boiling water bath. Subsequently, 8.5 mL of isoamyl nitrile were added. The mixture was again refluxed for 40 min in a boiling water bath. Then the solution was cooled and kept over night at 0 ºC. After filtering the resulting mixture, the diazo salt was obtained in a yield of 93 %. The diazo salt was then dissolved in 200 mL of anhydrous ethanol, m-diethylaminobenzoic acid (8.0 g) was added, and carbon dioxide was passed through the stirred solution until the pH reached a value of about 8.0. Finally, the ethanol was evaporated and the residue was re-crystallized from 35 % ethanol. QADEAB was obtained with a yield of 21 %; its melting point was 243 ºC.
Reagents
All solutions were prepared with ultra-pure water obtained from a Milli-Q50 SP Reagent Water System (Millipore Corporation, USA). A 5´10 -4 mol/L of QADEAB solution was prepared by dissolving QADEAB in 95 % ethanol. A stock standard solution of palladium (1.0 mg/mL) was obtained from the Chinese Standard Center, and a working solution of 2.0 mg/mL was prepared by diluting this solution. A 5 mol/L solution of hydrochloric acid was used. Cetyl trimethylammonium bromide (CTAB) solution (1.0 % w/v) was prepared by dissolving CTAB in 20 % ethanol. The employed chemicals were of analytical reagent grade unless otherwise stated.
General procedure
To a standard of a sample solution cotnaining no more than 1.2 mg of Pd(II) in a 200 mL volumetric flask, 5 mL of 5 mol/L hydrochloric acid, 6 mL of 5´10 -4 mol/L QADEAB solution and 5.0 mL of 1.0 % CTAB solution were added. The mixture was dilluted to the mark and mixed well. After 10 min, the solution was passed through a C 18 cartridge at a flow rate of 20 mL/min. After the enrichemnt had finished, the retained chelates were eluted from the cartridge with 1.0 mL of isopentyl alcohol at a flow rate of 5 mL/min. The absorbance of the eluant was measured in a 1 cm cell at 628 nm against a reagent blank prepared in a similar way without palladium.
RESULTS AND DISCUSSION
Absorption spectra
The absorption spectra of QADEAB and its Pd(II) complex are shown in 628 nm. When extracted into the isopentyl alcohol medium, the absorption peaks of QADEAB and its complex do not change. Therefore, 628 nm was selected for the absorbance measurements.
Effect of acidity
The results showed that the optimal condition for the reaction of Pd(II) with QADEAB is in acid medium. Therefore, the effect of hydrochloric acid, sulfuric acid, perchloric acid, phosphoric acid, etc., on the color reaction of Pd(II) with QADEAB was studied. The results (Fig. 2) showed that hydrochloric acid has the best effect, and a concentration of hydrochloric acid within 0.05 -0.5 mol/L was found to give the maximum and constant absorbance. Therefore, 5 mL of 5 mol/L of hydrochloric acid is recommended. 
Effect of surfactants
The effect of surfactants on the Pd(II)-QADEAB chromogenic system was studied. The results (Table I) showed that in the presence of cationic surfactants or nonionic surfactants, the absorption of the chromogenic system increased markedly. The results showed that CTAB is the best additive. The use of 3 -10 mL of 1.0 % CTAB solution give a constant and maximum absorbance. Accordingly, the use of 5 mL CTAB solution is recommended.
Effect of the QADEAB concentration
For up to 1.0 mg of Pd(II), the use of about 5 -8 mL of a 5´10 -4 mol/L QADEAB solution (Fig. 3 ) was found to be sufficient for complete reaction. Accordingly, 6 mL of QADEAB solution was added in all further measurements. 
Solid phase extraction
Both the enrichment and the elution were carried out using a Waters SPE device (which can prepare twenty samples simultaneously). The flow rate was set to 50 mL/min for the enrichment and 5 mL/min for the elution. The cartridge was washed with 5 mL of ethanol and then washed with 10 mL of water before the enrichment.
Some experiments were carried out in order to investigate the retention of QADEAB and its Pd(II) chelate on the cartridge. It was found that both QADEAB and its Pd(II) chelate were quantitatively retained on the cartridge when the medium was hydrochloric acid. The capacity of the cartridge was determined as 22 mg for the Pd(II)-QADEAB chelate in 200 mL of solution. In the present experiment, the maximum amount palladium was only 1.2 mg. Therefore, the cartridge has adequate capacity to enrich the Pd(II)-QADEAB chelate.
In order to chose a proper eluant for the retained QADEAB and its Pd(II) chelate, various organic solvents were studied. The volume of solvent required to elute the Pd-QADEAB chelates from the catridge was 0.8 mL for isopentyl alcohol, 1.2 mL for acetone, 1.4 mL for acetonitrile, 2.0 mL for ethanol, 2.2 mL for methanol. The maximal enrichment was achieved when isopentyl alcohol was selected as eluant. Hence, isopentyl alcohol was selected as the eluant. It was experimentally shown that it was easier to elute the retained QADEAB and its Pd(II) chelate in the reverse direction than in the forward direction, hence it was necessary to upturn the cartridge for the elution. 1.0 mL of isopentyl alcohol was sufficient to elute QADEAB and its Pd(II) chelate from the cartridge at a flow rate of 5 mL/min. The volume of 1.0 mL was selected.
Stability of the chromogenic system
After mixing the componenets, the absorbance reaches its maximum within 8 min at room temperature and remains stable for 6 h in aqueous solution. After having been extracted into isopentyl alcohol, the chelate was stable for at least 12 h.
Calibration curve and sensitivity
The calibration curve show that Beer law is obeyed in the concentration range of 0.01 -1.2 mg Pd(II) per mL in the measured solution. The linear regression equation obtained was: A = 1.352 c (mg/mL) + 0.0186, (r = 0.9992). The molar absorptivity was calculated to be 1.43´10 5 L mol -1 cm -1 at 628 nm. The detection limit, based on 3 times the relative standard deviation of the blank, was 0.02 mg/L in the original sample. The relative standard deviation at a concentration level of 0.2 mg/L (11 repeat determinations) was 2.18 %.
Composition of the complex
The composition of the complex was determined by the continuous variation and the mole ratio method. Both showed that the mole ratio of Pd(II) to QADEAB is 1:2. 
Interference
The selectivity of the proposed method was investigated by determination of 1.0 mg/200 mL of Pd(II) in the presence of various ions within a relative error of ± 5 %.
The results are given in Table II , which show that Ni(II) and Co(II) have low tolerance limits. However, Ni(II) and Co(II) can be masked with citric acid. The tolerance limits reaches 0.2 mg for Co(II) and 0.1 mg for Ni(II) when masked with citric acid.
Application to water samples
For water sample, the samples were acidified with hydrochloric acid and filtrated through a 0.45 mm membrane filter. The palladium contents were analyzed according to the general procedure. The results (after deduction of the reagents blank) are shown in Table III . An ICP-MS method as described in the literature 19 was used as the reference method and the result are also shown in Table III . Application to soil samples A soil sample (5.0 g) was weighed into a 250 mL teflon high-pressure microwave acid-digestion bomb (Fei Yue Analytical Instrument Factory, Shanghai, China) and 50 mL of aqua regia were added. The bomb was sealed tightly and then positioned in the carousel of a microwave oven (Model WL 5001, 1000 W, Fei Yue Analytical Instrument Factory, Shanghai, China). The system was opeated at full power for 30 min. The digested material was evaporated to incipient dryness. Then, 50 mL of 5 % hydrochloric acid was added and heated close to boiling to leach the residue. After cooling, the residue was filtered and the undissolved residue was washed two times with 5 % hydrochloric acid. The filtrates were quantitatively collected a 200 mL volumetric flask and the palladium content was analyzed according to the general procedure. The results (after deduction of the reagents blank) are also shown in Table III . An ICP-MS method as described in the literature 19 was used as a reference method and the result are also included in Table III . CONCLUSION The proposed method has the following characteristics: (1) QADEAB is one of the most sensitive and selective spectrophotometric reagents for palladium. The molar absorptivity of the chelate was 1.43´10 5 L mol -1 cm -1 in the measured solution. Most foreign ions do not interfer with the determination when masked with citric acid. (2) By solid phase extraction with a C 18 cartridge, the QADEAB-Pd(II) chelate in 200 mL solution could be concentrated to 1.0 mL, an enrichment factor of 200 was achieved. By high enrichment factors, the sensitiviy of the method was greatly improved compared to that of the routine spectrophotometric method. The detection limit was 0.02 mg/L in the original sample, and mg/L levels of palladium in environmental samples were detemined with good results. Razvijena je brza i osetqiva metoda za odre|ivawe paladijuma zasnovana na reakciji Pd(II) sa 2-(2-hinolazo)-5-dietilaminobenzoevom kiselinom (QADEAB) i ekstrakciji~vrstom fazom helata Pd(II)-QADEAB sa reversnofaznom polimernom C 18 kolonom. U prisustvu 0.05 -0.5 mol/L hlorovodoni~ne kiseline i cetil trimetilamonojum bromida (CTAB), QADEAB reaguje sa Pd(II) formiraju}i qubi~ast kompleks u molarnom odnosu 1:2 (Pd(II) : QADEAB). Ekstraksijom~vrstom fazom reversnofaznom polimernom C 18 kolonom i eluacijom helata sa minimalnom koli~inom izopentil alkohola koncentrisawe helata je izvedeno sa faktorom 200. U izopentil alkoholu dobijena je molarna apsoprtivnost helata 1.43´10 5 L mol -1 cm -1 na 628 nm. Beer-ov zakon va`i u opsegu 0.01 -1.2 mg/mL. Relativna standardna devijacija za nivo koncentracija od 0.2 mg/L iznosi 2.18 %. Dobijene su granice detekcije, za odre|ivawe iz originalnih uzoraka, od 0.2 mg/L. Razvijena metoda je uspe{no primewena za odre|i-vawe paladijuma u uzorcima iz`ivotne sredine.
